Several novel antioxidative peptides from the hydrolysate of water-soluble royal jelly protein (WSRJP) were isolated, identified, and characterized. WSRJP was extracted from royal jelly and hydrolyzed with protease N, and the resulting hydrolysate was fractionated by ultrafiltration with cuto# membranes of + and -kDa. Three fractions (ῌ+ kDa, +ῌ-kDa, and῍-kDa) were separated. The antioxidative activity of the fractions against the peroxidation of linoleic acid was determined in vitro, using the +,--diethyl-,-thiobarbituric acid method. Theῌ+kDa fraction, which exhibited the highest antioxidative activity, was further purified using anion-exchange and reverse phase high performance liquid chromatography. Fourteen antioxidative peptides were identified using a protein sequencer and electron spray ionization-mass spectrometry. Among these, four dipeptides (Phe-Asp, Trp-Val, Leu-Trp, and Trp-Leu) were revealed to have potent antioxidative activity against lipid peroxidation. Moreover, three of these antioxidative dipeptides (Phe-Asp, Trp-Val, and Leu-Trp) were found to protect against oxidative stress-induced cell death in human cultured cells.
Introduction
Royal jelly (RJ) from the honeybee, Apis mellifera L., is rich in protein (+,ῌ+/῍), sugars (+*ῌ+0῍), lipids (-ῌ0῍), free amino acids, minerals, and vitamins, and has traditionally been used as a health food (Howe et al., +32/) . RJ has been reported to show antitumor activity (Townsend et al., +3/3) , vasodilative and hypotensive activities (Shinoda et al., +312 ; Matsui et al., , **, ) , antibacterial activity (Fujiwara et al., +33*) , anti-inflammatory activity (Tamura et al., +32/ ; Fujii et al., +33*), and proliferation activity in human monocytes (Watanabe et al., +330 ; +332) and rat hepatocytes (Fujii et al., +330) . RJ contains five major proteins belonging to a protein family designated MRJPs (major royal jelly proteins ; Schmitzova et al., +332) . The family consists of five main members (MRJP+, MRJP,, MRJP-, MRJP., MRJP/), which have been characterized by the cloning and sequencing of their respective cDNAs. However, to date, the biological function of MRJPs remains unknown.
People use health foods for a variety of reasons, one of which is the alleviation of oxidative stress-induced damage. It has been demonstrated that oxidative stress can cause cancers and many lifestyle-related diseases, such as arterial sclerosis, high blood pressure, myocardial infarction, cerebral apoplexy, dementia, diabetes, and cataracts (Joyce, +321) . It has been suggested that some dietary antioxidants, including vitamin E and vitamin C, may protect DNA, protein, and cell membranes from oxidative stress-induced damage by reactive oxygen species (ROS), which include the superoxide anion (O, ῌ ), hydrogen peroxide (H,O,) , peroxyl radicals (ROOῌ), and the hydroxyl radical (ῌOH) (Sikka et al., +33/) . In recent years researchers have been focusing on antioxidants obtained from food sources, which include vitamins, polyphenols and peptides. A recent study by Inoue et al. (,**-) reported that dietary RJ may increase the average life span of C-H/HeJ mice, possibly through the mechanism of reduced oxidative damage.
Bioactive peptides may play important roles as antioxidants because dietary proteins are absorbed by the intestine as peptides and amino acids (Kitts and Weiler, ,**-; Meisel and FitzGerald, ,**-). Several antioxidative peptides have been found in the enzymatic hydrolysate of soybean protein (Chen et al., +33/ ; +330 ; +332), egg albumin (Tsuge et al., +33+) , casein (Suetsuna et al., ,***), and other proteins (Suetsuna, ,*** ; Jao and Ko, ,**, ; Kudoh et al., ,**+ ; Kim et al., ,**+). A more recent study has demonstrated that RJ protein shows high antioxidative activity (Nagai and Inoue, ,**.). However, it is still not clear whether antioxidative peptides can be obtained from RJ protein.
To investigate whether RJ contains bioactive peptides with antioxidative roles, we carried out the present study, which resulted in the identification and isolation of antioxidative peptides from water-soluble royal jelly protein (WSRJP) hydrolysates. Using an in vitro system, we also investigated whether these antioxidative peptides can protect cultured human cells against oxidative stressinduced cell death.
Materials and Methods
Reagents Protease N and S, papain W-.*, and bromelain F were obtained from Amano Enzyme Company (Nagoya, Japan). Trypsin, pepsin, +,--diethyl-,-thiobarbituric acid (DETBA), and tert-butyl hydroperoxide (t-BOOH) were purchased from Sigma-Aldrich Fine Chemicals (St. Louis, MO, USA). Fetal bovine serum (FBS) was from Nichirei (Tokyo, Japan), and penicillin and trypan blue were from GIBCO (Grand Island, NY, USA). Four synthetic dipeptides were purchased from Kokusan Chemical Company (Tokyo, Japan). All other reagents were obtained from Wako Pure Chemical Industries (Osaka, Japan). Royal jelly was obtained from API Company (Nagoya, Japan).
Preparation of water-soluble royal jelly protein (WSRJP) Royal jelly was lyophilized and extracted twice with 1*ῌ (v/v) ethanol. The precipitate was lyophilized for +0 hours, and designated as crude RJ protein. Fifty grams of crude RJ protein was added to + L of distilled water and neutralized with sodium hydroxide with gentle stirring for + h. The extracts were centrifuged at .*,***ῑg for -* min at ., and the supernatants were pooled. Finally, the solution was dialyzed against distilled water for ,. h, and then lyophilized.
Enzymatic hydrolysis To obtain peptides, WSRJP was dissolved in *.+ M phosphate bu#er (pH 1.*) and the mixture was adjusted to the optimal pH of six di#erent types of proteases. Enzymatic hydrolyses were performed at pH 1.* and // for protease N, at pH 2.* and 1* for protease S, at pH 2.* and ./ for papain W-.*, at pH 3.* and 0/ for bromelain F, at pH ,.* and -1 for pepsin, and at pH 1.2 and -1 for trypsin. Proteolytic reactions were carried out for ,. h by adding a protease at a concentration of *.*-ῌ (w/w). Samples taken at ,. h from each proteolytic mixture were immediately heated in a boiling water bath for / min, and centrifuged at +2,/**ῑg in a microcentrifuge for ,* min. The supernatant was lyophilized for use in antioxidative activity assays. The degree of hydrolysis was measured using the o-phthaldialdehyde method, by measuring the absorbance at -.* nm (Church et al., .
Measurement of antioxidative activity The antioxidative activity of WSRJP hydrolysates in inhibiting peroxidation of linoleic acid was determined according to the DETBA method (Suda et al., +33.) . For oxidation, peptide samples (*.+,/ mg) were dissolved in + ml of 2*ῌ (v/v) ethanol. An aliquot (,* ml) of each sample was mixed with ,* ml of linoleic acid (*., mg/ml in +**ῌ ethanol), and heated at 2* for 0* min. After the mixture was cooled in an ice bath, *., ml of ,* mM butylated hydroxytoluene and *.0 ml of ,.01ῌ (w/v) sodium dodecyl sulfate was added to the reaction mixture. After mixing, -., ml of +,./ mM DETBA in sodium phosphate bu#er (*.+,/ M, pH -.*, warmed to /*) was added, followed by mixing and heating at 3/ for +/ min. The mixture was cooled in an ice bath, and . ml of ethyl acetate was added to each tube, followed by vortexing and centrifugation at 1/*ῑg for +* min. The supernatant was extracted for the next step. A control sample containing linoleic acid and other additives without antioxidants, representing +**ῌ lipid peroxidation, was also prepared. The blanks were prepared as described above, but without linoleic acid. The fluorescence intensities of the samples were measured against their blanks at an excitation wavelength of /+/ nm and an emission wavelength of /// nm in a spectrophotofluorometer. Antioxidative activity was expressed as an inhibition percentage of lipid peroxidation using the following equation : Inhibition percentage of lipid peroxidationῒ῎+ῐῌAsampleῐ Ablank῍ῌῌAcontrolῐAblank῍῏ῑ+** ῌA : absorbance῍ All samples and the reference substance were assayed at least in triplicate, and the results were averaged. An inhibition percentage versus concentration curve was drawn, and the concentration of sample required for /*ῌ inhibition was determined by linear interpolation and expressed as the IC/* value.
Cell viability assay Human monocytic leukemia cell line U3-1 was cultured in RPMI +0.* medium supplemented with +*ῌ FBS, penicillin (+** units/ml) and streptomycin (+** ng/ml) at -1 in a humidified atmosphere containing /ῌ CO, and 3/ῌ air. Cells were plated into a 30-well microplate at a concentration of .ῑ+* / cells/ml, followed by treatment with or without a peptide sample for ,. h. In order to induce oxidative stress, after ,. h of culture, the U3-1 cells were incubated with or without /** mM t-BOOH at -1 for , h. To test the e#ect of the sample on t-BOOH-induced oxidative stress, cell viability was assayed by the trypan blue exclusion method.
Isolation of antioxidative peptides The protease N hydrolysate (,* ml) was fractionated by ultrafiltration, using membranes with two di#erent molecular weight cut-o#s of + and -kDa (Amicon, Cambridge, MA, USA). Three fractions (ΐ+ kDa, +ῌ-kDa,-kDa) were separated. The antioxidative activities of the three fractions were determined by the DETBA method.
Theΐ+ kDa fraction, which exhibited the highest antioxidative activity, was further purified using anion-exchange high performance liquid chromatography (HPLC). Two grams dry weight of theΐ+ kDa fraction was dissolved in + ml of ,* mM Tris-HCl bu#er (pH 2.*), and was applied to a TSKgel DEAE-/PW column (column size 1./ῑ 1/ mm, Tosoh, Tokyo, Japan) that had been equilibrated with the same bu#er. The peptide fraction was eluted in a linear gradient of NaCl from * to *.,/ M in ,* mM Tris-HCl bu#er over /* min, and the eluted peaks were detected by UV absorbance at ,2* nm ; the flow rate was *.1 ml/min.
Fraction III was collected and lyophilized for reversephase (RP)-HPLC. Chromatography on the RP-HPLC system was carried out at ambient room temperature (,*ῌ,/). Fraction III was separated by RP-HPLC on a Wakosil II / C-+2 column (column size ..0ῑ,/* mm, Wako Pure Chemical Industries). It was equilibrated with *.+ῌ (v/v) trifluoroacetic acid (TFA) in water (solvent A), and a linear gradient was developed using solvent A and solvent B (*.+ῌ (v/v) TFA in 2*ῌ (v/v) acetonitrile). For the separation of peptides, elution was achieved with a linear gradient from solvent A to .2ῌ (v/v) solvent B for 0* min at a flow rate of *.2 ml/min, and the eluted peaks were detected by UV absorbance at ,+0 nm. Each of the peptides was manually collected, and evaporated to dryness in a centrifugal concentrator (CC-+2+, Tomy Seiko Company, Tokyo, Japan) under vacuum. The antioxidative activities of the purified peptides were determined by the DETBA method.
Amino acid sequence analysis The antioxidative peptides were subjected to N-terminal amino acid sequencing on an Applied Biosystems .3. protein sequencer (Perkin Elmer, Foster City, USA). Edman degradation was performed according to the standard program supplied by Applied Biosystems.
Electron spray ionization-mass spectrometry (ESI-MS) The masses of the antioxidant peptides collected by RP-HPLC were determined by atmospheric pressure ionizationelectrospray ionization (API-ESI). The original method was performed on a Perkin-Elmer SCIEX API -** triplequadrupole mass spectrometer. API-ESI was performed in positive mode, and mass spectroscopy was carried out in full scanning mode. Operating conditions for the API -** were optimized by flow injections of peptides at a flow rate of *.-ml/min, and were determined as follows : nebulizing gas pressure, 0 psi ; curtain gas, 2 psi. Multiple reaction monitoring experiments in positive ionization mode were performed using a dwell time of +.* ms by scanning the quadrupole in the +**ῌ+,** Da mass range at a scan rate of +.+ s/scan for ,* min.
Database search for peptide identification The SWISS-PROT protein database was searched with the sequence tag information to find the precursor for the antioxidative peptides.
Statistical analysis All data are expressed as meanῌ standard deviation. Di#erences in mean values among the experimental groups were analyzed by Student's t-test. Di#erences were considered statistically significant at p῍*.*/, p῍*.*+, and p῍*.**+.
Results and Discussion
Antioxidative activity of WSRJP hydrolysates WSRJP was hydrolyzed with six di#erent proteases for ,. h, and the e#ects of the resulting samples on lipid peroxidation are shown in Fig. + . Compared with WSRJP, the WSRJP hydrolysates exhibited a remarkable increase in inhibition of lipid peroxidation. The WSRJP hydrolysate produced by protease N, which inhibited lipid peroxidation by 20ῌ, had the strongest activity. The trypsin and bromelain F hydrolysates had strong inhibitory e#ects on lipid peroxidation ; the hydrolysates of protease S, papain W-.*, and pepsin showed a moderate level of antioxidative activity (.*ῌ/*ῌ). In all cases, antioxidative activity was increased with increasing hydrolysate concentration (data not shown). The IC/* values of the six enzymatic hydrolysates were as follows : protease N, +. mg/ml ; trypsin, ,* mg/ml ; bromelain F, 1+ mg/ml ; protease S, 23 mg/ml ; papain W-.*, ++2 mg/ml ; and pepsin, ,,3 g/ml.
The WSRJP hydrolyzed with protease N showed the highest degree of hydrolysis (Fig. ,) , while trypsin, brome- lain F, protease S, papain W-.*, and pepsin exhibited low degrees of hydrolysis. It can be seen, therefore, there is no significant correlation between the inhibition rate of lipid peroxidation and the degree of hydrolysis ; the antioxidative activity of hydrolysates may depend on their peptide composition and their structure. Similar results for the antioxidative activity of soybean protein hydrolysates have been reported by Chen et al. (+330) . This study focused on the isolation and identification of antioxidative peptides from the protease N hydrolysate of WSRJP, which had the highest antioxidative activity and degree of hydrolysis among the enzymatic hydrolysates.
Isolation and structural analysis of antioxidative peptides Because the protease N hydrolysate of WSRJP exhibited the strongest antioxidative activity, the antioxidative peptides were isolated from this hydrolysate. The hydrolysate was first filtered with ultrafiltration membranes of molecular weight cut-o#s + kDa and -kDa, and the lipid peroxidation inhibition ability of each filtrate was measured by the DETBA method (Fig. -) . It was found that the fraction of molecular weight below + kDa (F+) exhibited the same high level of antioxidative activity as the protease N hydrolysate.
This fraction (ῌ+ kDa) was further purified using anionexchange chromatography followed by separation into six fractions (Fig. .) . The antioxidative activities of the six fractions could not be measured because the fractions contained sodium chloride, which could disturb lipid peroxidation. Therefore, one major fraction (fraction III) of the six was further separated by RP-HPLC. As shown in Fig. / , fraction III revealed a total of twenty cleanly separated peaks. In order to measure antioxidative activity, each fraction was separately collected through repeated chromatography.
The antioxidative activities of peptides isolated by RP-HPLC were measured using an aliquot of the RP-HPLC fraction without quantification. As shown in Table + , fourteen peptides showed antioxidative activities higher than -*ῌ. From the amino acid sequences of these fourteen antioxidative peptides, analyzed by Edman sequencing, and their masses as determined by ESI-MS, their structures were determined ( Table +) . Schmitzova et al. (+332) reported the primary structures of five MRJPs based on cDNA clone sequences. Using the SWISS-PROT database, it was found that the fourteen antioxidative peptides isolated from WSRJP hydrolysate were derived from these MRJPs ( Table +) .
In general, dietary proteins are first digested by various proteinases in the gastrointestinal tract to produce oligopeptides and di-and tripeptides, some of which may have biological activity, and then absorbed in the intestinal epithelium. It has been reported that dipeptides and tripeptides are actively transported via a specific peptide transporter in the intestinal epithelial cells (Shimizu, ,**.). Therefore, this study focused on functional dipeptides. Among the fourteen peptides isolated from WSRJP hydrolysate, four chemically synthesized dipeptides (PheAsp, Trp-Val, Leu-Trp, Trp-Leu) were used in experiments in which their antioxidative activities were compared with those of other antioxidants such as vitamins C and E and carnosine (b-Ala-His). The results showed that these four dipeptides exhibit antioxidative activity of more than 2*ῌ (Fig. 0) .
Antioxidative peptides have been found in the enzymatic hydrolysate of soybean protein (Chen et al., +33/ ; +330 ; +332), egg albumin (Tsuge et al., +33+), casein (Suetsuna et Antioxidative activity of sample (0,./ mg/ml) was evaluated by the +,--diethyl-,-thiobarbituric acid method. Control, undigested WSRJP ; Hydrolysate, protease N hydrolysate of WSRJP ; F+, MW῍+ kDa ; F,, MW + kDa --kDa ; F-, MW῎-kDa. Each column with vertical bar represents meanῌSD of three determinations. *** represents significant di#erence from the control at p῍*.**+. We therefore reasoned that the Trp and Leu residues of Leu-Trp, Trp-Leu, and Trp-Val might be associated with antioxidative activity. However, the reason for the high antioxidative activity of Phe-Asp is not clear, because phenylalanine and aspartic acid do not exhibit strong antioxidative activity against peroxidation of linoleic acid (Yamaguchi et al., +310) .
Cell survival assay Carnosine, a dipeptide found in skeletal muscles, is a known antioxidant and has been found to suppress the secretion of inflammatory cytokines by intestinal epithelial cells exposed to oxidative stress (Shimizu, ,**. ; Son et al., ,**.). We therefore decided to examine the e#ects of the four new synthetic antioxidative dipeptides and carnosine on t-BOOH-induced oxidative stress in U3-1 cells. The trypan blue dye exclusion assay was used to measure cell viability. As shown in Fig. 1 , cell viability was significantly decreased in the control (-3.,ῌ) and in the sample treated with carnosine (.+ῌ) after t-BOOH treatment. In contrast, when PheAsp, Trp-Val, and Leu-Trp were added to the medium, cell viability was significantly increased to 1*.1ῌ, /-.2ῌ, and ./.,ῌ, respectively. Trp-Leu had no e#ect on rates of cell death. These data suggest that Phe-Asp, Trp-Val, and Leu-Trp isolated from the protease N hydrolysate of WSRJP can protect U3-1 cells against t-BOOH-induced oxidative stress in vitro. Phe-Asp was shown to inhibit oxidative stress-induced cell death, but in the same concentrations neither phenylalanine nor aspartic acid had the same e#ect (Fig. 2) . Similar results were obtained for Trp-Val and Leu-Trp (data not shown). It is possible that the antioxidative mechanisms of Phe-Asp, Trp-Val, and Leu-Trp in cells are di#erent from those of their constituent amino acids.
It has been reported that t-BOOH promotes peroxidation of cell membrane lipids and elevation of cytosolic calcium ion concentration, and is responsible for mitochondrial damage caused by tert-butoxyl radicals (Guidarelli et al., +330 ; +331) . Several peptides have been shown to have high radical scavenging activities (Chen et al., +332 ; Saito et al., , . It is possible that the antioxidative mechanism of the three dipeptides Phe-Asp, Trp-Val, and Leu-Trp in oxidant-induced cell death involves scavenging of t-BOOH-derived radicals.
In conclusion, this study demonstrates that the protease N hydrolysate of WSRJP has strong antioxidative activity on the peroxidation of linoleic acid. Fourteen novel antioxidative peptides from WSRJP hydrolysate were newly identified. Furthermore, three of these antioxidative dipeptides (Phe-Asp, Trp-Val, Leu-Trp) were found to protect cultured human cells against oxidative stress-induced cell death. It is thought that these antioxidative peptides derived from royal jelly proteins may prevent cell damage induced by oxidative stress in vivo and therefore reduce the risk of lifestyle-related diseases caused by reactive oxygen radicals. However, further study is needed to clarify the antioxidative-stress mechanism of these peptides in vivo. , Absorbance at ,+0 nm ; , acetonitrile concentration (ῌ). Table + . Identification of antioxidative peptides isolated from the protease N hydrolysate of water-soluble royal jelly protein by reverse phase high performance liquid chromatography. Fig. 0 . Antioxidative activities of four dipeptides, carnosine, ascorbic acid, and a-tocopherol. The sample concentration was +** mM. Control, undigested WSRJP (0,./ mg/ml). Each column with vertical bar represents meanῌSD of three determinations. *** represents significant di#erence from the control at p῍*.**+. Fig. 1 . E#ect of four dipeptides and carnosine on the cell viability of U3-1 cells treated with t-BOOH. Control, no addition of sample. Cells (.῍+* / cells/ml) were incubated with + mg/ml of sample at -1῏ for ,. h, and then treated with /** mM t-BOOH at -1῏ for , h. Cell viability was determined using the trypan blue exclusion method. , with t-BOOH ; , without t-BOOH. Each column with vertical bar represents meanῌSD of three determinations. * and ** represent significant di#erence from the control treated with t-BOOH at p῎*.*/ and p῎*.*+, respectively. Fig. 2 . E#ect of phenylalanyl-aspartic acid (Phe-Asp) and its constituent amino acids on the cell viability of U3-1 cells treated with t-BOOH. Control, no addition of sample. Cells (.῍+* / cells/ml) were incubated with -./ mM of sample at -1῏ for ,. h, and then treated with /** mM t-BOOH at -1῏ for , h. Cell viability was determined using the trypan blue exclusion method.
, with t-BOOH ; , without t-BOOH. Each column with vertical bar represents meanῌSD of three determinations. *** represents significant di#erence from the control treated with t-BOOH at p῎*.**+.
